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Abstract
Seasonality is a long-recognized attribute of many viral infections of humans, but the mechanisms underlying seasonality, particularly for
person-to-person communicable diseases, remain poorly understood. Better understanding of drivers of seasonality could provide
insights into the relationship between the physical environment and infection risk, which is particularly important in the context of glo-
bal ecological change in general, and climate change in particular. In broad terms, seasonality represents oscillation in pathogens’ effec-
tive reproductive number, which, in turn, must reﬂect oscillatory changes in infectiousness, contact patterns, pathogen survival, or host
susceptibility. Epidemiological challenges to correct identiﬁcation of seasonal drivers of risk include failure to adjust for predictable cor-
relation between disease incidence and seasonal exposures, and unmeasured confounding. The existing evidence suggests that the sea-
sonality of some enteric and respiratory viral pathogens may be driven by enhanced wintertime survival of pathogens, and also by
increased host susceptibility resulting from relative ‘wintertime immune suppression’. For vector-borne diseases and zoonoses, environ-
mental inﬂuences on vector or reservoir abundance, and vector biting rates, are probably more important. However, numerous areas
of uncertainty exist, making this an exciting area for future research.
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Introduction
The seasonality of infectious diseases is a phenomenon so wide-
spread, and so familiar, that it has worked its way into the Eng-
lish language vernacular. We speak of ‘ﬂu season’ in winter,
usually without stopping to wonder why it might be that inﬂu-
enza viruses, which circulate year-round, appear to have a
greater reproductive number when it is cold outside [1–3].
More recently, concerns around climate change, environmental
degradation and an apparent surge in infectious disease emer-
gence have led some investigators to rigorously research envi-
ronmental, behavioural and immunological factors that could be
responsible for the seasonality of viral infectious diseases [4–7].
Before discussing possible mechanisms underlying seasonali-
ty in greater depth, it is important to introduce a working deﬁ-
nition of the concept of seasonality. Whereas a dictionary
deﬁnition might simply suggest that a disease is seasonal if peak
incidence is correlated with a particular period of the calendar
year, an alternative deﬁnition is ‘the state of recurring at regu-
lar intervals’[8], and, indeed, the seasonality of infectious dis-
eases usually represents a periodic process: one that has
sinusoidal peaks and troughs at regular intervals. An infectious
disease may have several different periods: for example, in the
pre-vaccination era, measles outbreaks typically had autumn
seasonality (usually ascribed to enhanced transmission among
schoolchildren with the start of the school year), but 3-year
periodicity (typically attributed to the time period necessary to
re-accumulate a critical fraction of susceptible children follow-
ing a large epidemic) [9,10]. For the purposes of this review,
we regard seasonal processes as those with an incidence
associated with a particular calendar period, and which have
periodicity, although this is not limited to annual periodicity.
Seasonal patterns of disease risk have been sufﬁciently
obvious to observers to be accurately described in texts
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from the pre-microbial era (see, for example, the Hippo-
cratic ‘Epidemics’, or William Cullen’s description of the
wintertime ‘bastard peripneumony’[11,12]). Nonetheless, rig-
orous epidemiological evaluation of environmental, immuno-
logical and behavioural drivers of infectious disease risk
poses several methodological challenges [2]. I begin by
describing such challenges, as well as methodologies for their
remediation, in the epidemiological study of seasonal viral
infectious diseases (or any seasonal phenomenon, for that
matter). I then focus on what is known, and unknown, about
environmental drivers, and drivers of seasonality of occur-
rence of three broad classes of viral infectious disease: viral
gastrointestinal infections; viral respiratory infections; and
vector-borne and zoonotic viral diseases. I close by noting
potential avenues for future research.
Challenges to Study, and Useful
Epidemiological Tools
A number of epidemiological factors complicate the study of
seasonal drivers of infectious diseases. It is my opinion that
principal among these is the issue of co-seasonality of numer-
ous environmental, social and behavioural phenomena that
could inﬂuence the reproductive number of an infectious dis-
ease (the number of incident cases of infection created by a
prevalent case). This creates signiﬁcant potential for numer-
ous, predictable but fallacious associations between expo-
sures and disease outcomes: for example, if two diseases (e.g.
inﬂuenza and invasive pneumococcal disease) have shared
seasonality [13], casual correlations will be observed whether
or not one increases vulnerability to the other [2]. There is
also the potential for epidemiological confounding by failure
to adjust for seasonal behavioural phenomena that are corre-
lated with environmental exposures (as, for example, when
attempting to identify the role that summertime school clo-
sure may play in dampening inﬂuenza epidemic ‘waves’ [14]).
The relative rarity of some infectious disease outcomes of
interest means that disease outcomes (and exposures) need
to be aggregated at weekly, monthly or yearly levels for study.
This creates the potential for a temporal version of ‘ecological
fallacy’, with changes in disease risk being attributed to aver-
age exposure levels during a given time period, when in fact
they are correlated with a subset of exposures that are
effaced because of aggregation [15,16]. As a more concrete
example, if the cause of a surge in disease was a rainy day that
occurred during an unusually dry month, we might, at the
monthly level, attribute that surge to drought rather than rain.
Finally, Rothman [17] noted that there may be between-
population variability in the roles that different component
causes play in creating a ‘sufﬁcient cause’ for disease occur-
rence, and that such geographical variability might result in
geographical variation in the magnitude of (true) relative
risks associated with a given disease outcome. In this
respect, it must be noted that geographical variation in the
strength of risk factors for disease occurrence, and drivers
of seasonality, may be real. The identiﬁcation of sunlight,
temperature and humidity as distinct drivers of inﬂuenza sea-
sonality in various jurisdictions [14,18,19] does not necessar-
ily mean that any of these ﬁndings are incorrect, athough, of
course, they may be, for the reasons described above.
This author believes that the major threat to the internal
validity of epidemiological evaluations relates to failure to
adjust for underlying and predictable seasonality of candidate
exposures and disease outcomes. Epidemiological studies that
utilize regression models need to adjust for predictable under-
lying seasonality by using ‘smoothers’, such as fast Fourier
transforms (sinusoidal time functions) [20,21], or spline smoo-
thers [22]. The fact that many infectious diseases are also com-
municable from person to person needs to be addressed as
well; often, the use of an autocorrelation structure in models
can adjust for such effects [23]. When diseases of interest are
rare, factors contributing to the seasonality of case occurrence
can be studied with ‘case-only’ methods, such as case-cross-
over designs [20,24,25]; however, it has been noted previously
that control periods for case-crossover designs of seasonal
phenomena need to be selected with random directionality, to
avoid biased estimation [26].
Drivers of Seasonality
Numerous environmental, behavioural and immunological
mechanisms have been proposed for the distinct seasonality
of many viral pathogens [1,27]. These mechanisms are out-
lined more fully in Table 1. Simply considered, seasonal oscil-
lation in incidence for diseases that are communicable
(directly or indirectly via the environment) requires oscilla-
tion of the ‘reproductive number’ of the disease: the average
number of secondary cases of disease produced by a primary
infective case [28]. The effective reproductive number is a
function of the ‘basic’ reproductive number (often denoted
as R0, the reproductive number extant when all in the popu-
lation are susceptible to infection) multiplied by the fraction
of the population susceptible to infection [29]. Consequently,
it can be seen that seasonality depends on either periodic
ﬂuctuation in R0, or periodic ﬂuctuation in population-level
susceptibility to infection. The latter may result from either
host effects (e.g. seasonal surges in births [30] or seasonal
‘immune deﬁciency’ caused by vitamin D deﬁciency [27]), or
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drift in viral antigens, as occurs with inﬂuenza [3]. The com-
ponents of R0 include contact rates in the population [31],
transmissibility of pathogens per infectious contact, and dura-
tion of infectivity or environmental survival of pathogens
[32], all of which may vary seasonally.
Dushoff has noted that infectious disease transmission sys-
tems have intrinsic oscillatory frequencies (Fig. 1), and sea-
sonal oscillation in incidence actually represents a form of
dynamic resonance. Consequently, extremely small seasonal
shifts in susceptibility or R0 can generate large seasonal swings
in disease incidence if these shifts occur in phase with the
intrinsic oscillatory frequency of a given disease system [3].
Gastrointestinal Viral Infections
The seasonality of viral agents of gastroenteritis can be
remarkably stereotyped (see, for example, the descriptor of
norovirus infection as ‘winter vomiting disease’ [33]). Entero-
viruses typically show late summer or early autumn seasonali-
ty, whereas such viruses as rotavirus and noroviruses cause
infection in cold, winter months. In the USA, the incidence of
virologically conﬁrmed echovirus, coxsackie A and cox-
sackie B viral infections was shown by Moore [34] to be pro-
foundly seasonal, with a peak incidence in August of each year
(Fig. 2). By contrast, polioviruses, which have classically been
associated with the same seasonality as other enteroviruses,
showed little seasonal variation in isolation in this study;
although the authors ascribed this lack of seasonality to the
use (and isolation from stools) of live poliovirus vaccine
strains, it should also be noted that stereotyped seasonal peri-
odicity breaks down in the presence of vaccination [9]. Older
data clearly show summertime seasonality of poliovirus circu-
lation in temperate zones, which is attenuated in subtropical
and tropical zones, implying an important environmental con-
tribution to enhanced summertime circulation [27].
Mechanistically, numerous studies have reported seasonal
increases in enteroviral contamination of water samples (par-
ticularly sewage efﬂuent) in a manner concordant with the
distribution of disease incidence. For example, both cases
and environmental burden peak in late summer in the USA
[35], but in early summer in Spain [36]. However, the ques-
tion of temporality remains unresolved: it is unclear whether
the increased burden in environmental water samples
reﬂects enhanced transmission in the population, with envi-
ronmental contamination via sewage, or whether increased
durability of viruses in warmer waters is actually a driver of
increased infection risk in the population.
The wintertime seasonality of noroviruses may be attribut-
able to increased viral durability in cold water. The abundance
of seasonally varying norovirus in surface waters and in sewage
runoff has been demonstrated in northern European countries
[37–40]. Greer et al., evaluating acute shifts in norovirus risk
in Toronto, Canada, found that ﬂuctuations in Lake Ontario
harbour temperatures (that lake being both the source of
drinking water and the destination of sewage outﬂow from
the city of Toronto) were strongly predictive of outbreaks of
norovirus gastroenteritis in the population. Greer et al. [32]
used a case-crossover design that controlled for underlying
seasonal ﬂuctuations in risk to demonstrate that a threshold in
risk was reached when the lake temperature reached 4C
(Fig. 3), a temperature at which the integrity of viral particles
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FIG. 1. Dynamic resonance as a mechanism underlying the seasonal-
ity of communicable diseases. The ﬁgure is based on work by Dus-
hoff et al. [3]; the black curve represents prevalent disease cases
projected by a dynamic mathematical model of an infectious disease
similar to inﬂuenza, without seasonal oscillation in reproductive num-
ber. The orange curve represents the same model when a small
amount of oscillation in reproductive number is introduced, in phase
with the ‘intrinsic oscillatory frequency’ of the disease system: large
seasonal surges in disease incidence occur.
TABLE 1. Potential drivers of seasonal oscillation in effec-
tive reproductive number of viral pathogens
Driver Examples Reference
Seasonal changes in effective
contact rates for infectious
individuals
School opening and autumn
periodicity of measles
[31]
Seasonal increase in insect
vector density and/or biting
rate; increased density of
reservoir animals
Enhancement of Japanese
encephalitis risk via increased
mosquito densities during
rainy season
[82–85]
Seasonal changes in durability
of pathogen in the
environment
Norovirus persistence in cold
surface waters; enhanced
inﬂuenza virus integrity with
low absolute humidity
[18,32]
Seasonally increased duration
of infectiousness of infected
hosts
Hypothetical –
Seasonal increase in host
susceptibility resulting from
relative immune suppression
Wintertime immune
dysfunction resulting from
vitamin D insufﬁciency
[27,64]
Periodic increase in host
susceptibility resulting from
viral mutation
Antigenic ‘drift’ in seasonal
inﬂuenza viruses
[3]
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is well maintained [41]. Given the small size of noroviruses
and related agents (approximately an order of magnitude smal-
ler than pores in the sand ﬁlters commonly used to process
drinking water), this study suggests a possible mechanism for
wintertime norovirus seasonality via ‘recycling’ of viral parti-
cles from sewage into drinking water [32].
Like noroviruses, rotavirus has marked wintertime season-
ality in temperate countries [42]. Recent mathematical mod-
elling work by Pitzer et al. [43] suggested that dynamic
resonance (as described above), in combination with cross-
jurisdictional differences in birth rates, could account for dif-
ferential patterns of rotavirus seasonality in high-income and
low-income countries. However, the extraordinarily high R0
values for rotavirus (28–191) identiﬁed in these authors’
best-ﬁt models is probably at odds with the ‘herd effects’
identiﬁed recently in several jurisdictions following the intro-
duction of second-generation rotavirus vaccines [44,45],
which may suggest inaccuracies in the model structure.
Although the seasonality of rotavirus infections is more
marked in temperate than in tropical zones [43], time-series
analyses suggest that cooler, drier environmental conditions
may enhance the transmissibility of rotavirus in both temper-
ate [46,47] and tropical [48] countries.
Respiratory Virus Infections
The stereotyped seasonality of inﬂuenza and respiratory syn-
cytial virus infection [49–51] has led a number of investiga-
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FIG. 2. Enterovirus seasonality in the USA,
1970–1979. The ﬁgure, from a 1982 review by
Moore [34], shows marked summertime sea-
sonality of enterovirus isolation in the USA.
The only virus showing little seasonality in this
ﬁgure is poliovirus, which may have had its
seasonality attenuated through immunization,
and as a result of live virus vaccine strains
being isolated from stool cultures in winter
months. Figure reproduced from Journal of
Infectious Diseases by permission of the pub-
lisher.
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FIG. 3. Impact of low Lake Ontario temperatures on norovirus out-
break risk, Toronto, Canada. A case-crossover study identiﬁed
marked surges in the risk of norovirus outbreaks with low harbour
temperatures (£4C) at 1–3-day lags [32]. The harbour is both the
source of drinking water and the destination of sewage outﬂow for
the city of Toronto. Relative risks of norovirus infection, plotted on
a log scale, are presented on the y-axis, and the time-lag prior to
‘case’ occurrence is plotted on the x-axis. The authors deﬁned the
case date as the date of the index case of a given norovirus out-
break. The risk is elevated with decreased harbour temperatures
2–3 days prior to outbreak onset; the ﬁnding is compatible with the
hypothesis that the wintertime seasonality of norovirus infection is
driven in part by improved viral survival at low temperatures. Figure
reproduced from EcoHealth by permission of the publisher.
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tors to evaluate the association between environmental con-
ditions and the onset [18] and severity [52] of inﬂuenza sea-
sons. Other factors evaluated in the genesis of inﬂuenza
seasonality have included wintertime changes in population
immune status resulting from diminished daylight and its
impact on vitamin D metabolism [27,53], seasonally varying
travel patterns [54,55], or (in the case of pandemic inﬂuenza
waves) movement of children in and out of schools [14,56].
Inﬂuenza-focused investigations often use pneumonia and
inﬂuenza (P&I) mortality (which is itself seasonal) as a surro-
gate for inﬂuenza activity, and population-level data are often
more readily available than are data for laboratory-conﬁrmed
viral respiratory infections; P&I is a valid surrogate for inﬂu-
enza season severity [57]. Notwithstanding the wintertime
seasonality of viral respiratory infections, there is little evi-
dence to suggest that lower winter temperatures are impor-
tant drivers of inﬂuenza season severity; rather, season
severity (as reﬂected in P&I mortality) appears to be driven
in large part by whether A(H3N2), A(H1N1) or B virus
types predominate [52,58].
Although low temperature does not appear to drive inﬂu-
enza season severity, lower temperatures and changes in
humidity may play a role in determining the onset of inﬂu-
enza seasons. In experimental settings using a guinea pig
model of inﬂuenza infection, both decreasing humidity and
lower temperatures appear to be important determinants of
infectiousness [59], ﬁndings conﬁrmed at the population level
by Shaman et al. [18], who identiﬁed low absolute humidity
(rather than relative humidity) as a key determinant of inﬂu-
enza season onset in the USA (Fig. 4).
However, although these investigators’ ﬁndings were
derived from a national sample, there was regional variation
in strength of effects, with humidity anomalies being most
closely linked to inﬂuenza season onset in the eastern USA;
this is somewhat corroborated by recent work by Earn et al.
[14] on the emergence of the second wave of the 2009 inﬂu-
enza pandemic in Alberta, Canada. Although these authors
found inﬂuenza to be ‘forced’ primarily by school closure
and re-opening, temperature, rather than relative humidity,
appeared to be the primary environmental driver of inﬂuenza
transmissibility in this latter jurisdiction [14]. That there
should be regionally speciﬁc forcing factors for inﬂuenza
comes as no surprise: indeed, the work by Dushoff et al. [3]
on dynamic resonance cited above suggests that any season-
ally varying exposure that impacts on inﬂuenza transmissibil-
ity, even to a small degree, could function as a forcing factor
sufﬁcient to drive seasonal waves if it is ‘in phase’ with the
intrinsic oscillatory frequency of inﬂuenza.
Another seasonally oscillatory phenomenon that has been
invoked as a possible driver of inﬂuenza seasonality is travel,
and air travel in particular: several groups have noted that
the strength of transportation links between jurisdictions in
the USA and Europe are predictive of patterns of spread of
both seasonal and pandemic inﬂuenza [54,55,60–63]. It is of
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FIG. 4. Association between low absolute humidity (AH) and inﬂuenza season onset in the USA. Shaman et al. [18] evaluated the association
between anomalous AH and the onset of inﬂuenza seasons, deﬁned as surges in pneumonia and inﬂuenza (P&I) mortality beyond a preset thresh-
old, in 48 contiguous US states and the District of Columbia. The plot shows best-ﬁt anomalous humidity inputs from mathematical models that
reproduced inﬂuenza incidence in ﬁve states. Varying thresholds (deaths per 100 000 population per day ascribed to P&I) for identifying the
onset of an inﬂuenza epidemic are represented by different coloured curves. For all thresholds, it can be seen that low AH precedes inﬂuenza
season onset. Figure reproduced from PLoS Biology and used under the Creative Commons Attribution License.
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note that some of these authors [61,62], and Lofgren et al.
[53], in a lengthy review on this subject, have noted that
summertime surges in travel dwarf those seen during inﬂu-
enza seasons, such that wintertime surges in holiday travel as
a sole explanation for the wintertime seasonality of inﬂuenza
are unsatisfactory.
Finally, it has long been postulated that the immunological
impact of shortened photoperiods during the winter months
could increase population susceptibility to wintertime respi-
ratory illness [27,53,64]. Possible causal mechanisms have
been extensively reviewed by several groups [27,53,64], but
one particularly attractive mechanism for enhanced winter-
time susceptibility would be diminished production of active
vitamin D metabolites in temperate-zone populations in win-
tertime [64]. Relative vitamin D deﬁciency in wintertime,
resulting from diminished UV radiation exposure, is common
in temperate countries [65–67]. Vitamin D has an important
role in the modulation of both innate and cellular immune
responses [64,68–70]. Some randomized, placebo-controlled
trials of vitamin D supplementation have demonstrated effec-
tiveness in reducing the incidence of wintertime respiratory
infection, adding further weight to this hypothesis [71,72].
Vector-borne and Zoonotic Viral Diseases
Viral diseases transmitted by insect vectors, including mos-
quitoes and ticks, cause disease in tropical, subtropical and
temperate zones, although the burden of disease caused by
such pathogens is greatest in tropical areas, owing to both
ecological and socio-economic factors [73,74]. In temperate
regions, seasonality is entirely predictable, as, for example,
mosquito-borne diseases such as West Nile virus infection
will not be transmitted (except via blood transfusion) when
mosquitoes are in a dormant ‘overwintering’ state [75]. In
tropical regions, seasonal changes in disease risk are often
attributable to the appearance of the ‘rainy season’ or (in
Asia) the monsoon [76,77], which provides mosquito vectors
with abundant pools for oviposition and larval maturation
[78,79].
In subtropical and temperate zones, warmer weather is
associated with shorter insect generation times [80], and
increased biting activity [81]. Empirical evidence for increased
disease risk with increasing temperature and rainfall is avail-
able for Japanese encephalitis [82–85], Chikungunya [86,87]
and West Nile viruses [88].
Rainfall effects have been reported for Rift Valley fever
[89,90], yellow fever [76], and other mosquito-borne viral
diseases [91–94], and similar effects can be seen with runoff
from increased snowmelt [95] and after ﬂoods [96].
The reported relationship between rainfall and dengue risk
has been inconsistent and geographically variable [78,97–
100], which may be reﬂective of threshold effects. For exam-
ple, extremely heavy rains may actually reduce the short-
term abundance of some vector species [97]. The risk of
such tick-borne viral diseases as tick-borne encephalitis may
also be inﬂuenced by rainfall, although observations have
been inconsistent [101,102].
For viral zoonoses, rainfall may enhance risk by increasing
animal reservoir populations. For example, rainfall is an
important determinant of rodent populations in the Ameri-
can southwest, and, as such, the ‘Sin Nombre’ hantavirus
infection risk in humans is elevated in years with heavier
rainfall [103]. As hantavirus is often transmitted to humans
via dust contaminated by infectious rodent excreta, changes
in the physical environment may also directly inﬂuence risk:
dusty conditions appear to predict hantavirus virus infection
manifesting as haemorrhagic fever with renal syndrome
[104].
On longer time-scales, changes in risk have been identiﬁed
in association with large-scale climatic phenomena, such as
the El Nin˜o/Southern Oscillation (ENSO) [105,106]. Studies
evaluating ENSO effects on disease risk are of particular
interest in the context of climate change: perturbations of
rainfall and temperature, and increased frequency of extreme
weather events associated with ENSO, combined with the
irregular nature of ENSO years, may represent a natural
experimental system that provides insights into the future
magnitude and direction of climate change effects on infec-
tious diseases [105]. Evidence for an ENSO effect has been
identiﬁed for numerous arthropod-borne viral diseases,
including Rift Valley fever [107], Ross River virus infection
[108,109], and dengue [105,110].
Summary and Conclusions
In summary, myriad mechanisms drive the seasonal periodic-
ity of viral infections of humans, but these can be broadly
conceptualized as those that inﬂuence the basic reproductive
number (R0) of pathogens via changes in transmissibility,
effective contact rates, or duration of pathogen survival; and
those that result in periodic changes in population-level
susceptibility to disease. Whereas the mechanisms driving
the periodicity of some vector-borne diseases are relatively
intuitive, our understanding of diseases that are communi-
cated person-to-person remains fairly rudimentary. However,
the rapid pace of climatic change, and environmental change
generally, means that this is an area that warrants further
epidemiological study. Numerous exciting opportunities to
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advance our knowledge exist: an abundance of meteorologi-
cal and ecological data derived from remote-sensing technol-
ogies [93,111], combined with non-traditional surveillance
methods [112,113], could promote major advances in our
understanding of disease seasonality, and the possibility that
environmental and behavioural drivers of disease seasonality
are regionally speciﬁc [109] should spur the formation of
cross-jurisdictional collaborative research teams.
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